Background: Cardiomyocytes derived from human induced pluripotent stem cells (hiPSC-CMs) have great potential as a cell source for therapeutic applications such as regenerative medicine, disease modeling, drug screening, and toxicity testing. This potential is limited, however, by the immature state of the cardiomyocytes acquired using current protocols. Tri-iodo-L-thyronine (T3) is a growth hormone that is essential for optimal heart growth. In this study, we investigated the effect of T3 on hiPSC-CM maturation. Methods and results: A one-week treatment with T3 increased cardiomyocyte size, anisotropy, and sarcomere length. T3 treatment was associated with reduced cell cycle activity, manifest as reduced DNA synthesis and increased expression of the cyclin-dependent kinase inhibitor p21. Contractile force analyses were performed on individual cardiomyocytes using arrays of microposts, revealing an almost two-fold higher force per-beat after T3 treatment and also an enhancement in contractile kinetics. This improvement in force generation was accompanied by an increase in rates of calcium release and reuptake, along with a significant increase in sarcoendoplasmic reticulum ATPase expression. Finally, although mitochondrial genomes were not numerically increased, extracellular flux analysis showed a significant increase in maximal mitochondrial respiratory capacity and respiratory reserve capability after T3 treatment. Conclusions: Using a broad spectrum of morphological, molecular, and functional parameters, we conclude that T3 is a driver for hiPSC-CM maturation. T3 treatment may enhance the utility of hiPSC-CMs for therapy, disease modeling, or drug/toxicity screens.
Introduction
With the advent of directed cardiac differentiation, cardiomyocytes can be obtained in large scale from human pluripotent stem cells, such as embryonic stem cells and induced pluripotent stem cells (hESCs and hiPSCs, respectively) [1, 2] . These cardiomyocytes exhibit sarcomeres, calcium transients and spontaneous beating, but they display a low degree of maturation based on all the parameters that have been studied [3] . A general consensus has emerged that maturation protocols must be developed to maximize the therapeutic applications of hiPSCCMs.
Thyroid hormones (THs) are essential for diverse heart developmental processes. In the rodent perinatal period, for example, T3 regulates isoform switching of titin [4, 5] from fetal to adult type. Titin is involved in the maintenance of sarcomere integrity and elasticity and it shifts from a relatively compliant N2BA isoform to a shorter and stiffer N2B isoform. This isoform switch alters the passive tension generated by maturing cardiomyocytes [6] [7] [8] . Also, T3 represses expression of fetal genes in neonatal cardiomyocytes to enhance normal cardiac maturation [5, 9] . In humans, abnormally high TH levels in the fetus can lead to a range of complications, including decreased cardiac output, growth restriction, tachycardia, neuropathologies, and even fetal demise [10] [11] [12] . T3 has also been shown to promote the maturation of in vivo fetal sheep cardiomyocytes [13] , cultured neonatal mouse and rat cardiomyocytes [14] , and the cardiomyocytes-derived from murine embryonic stem cells [15] . Notably, upon the birth of a human being, thyroid-stimulating hormone concentrations rise abruptly within 30 to 60 min after delivery, resulting in an almost 6-fold increase of serum T3 level [16] . A recent study reported T3 treatment of hiPSC-CMs modulated cardiac gene expression [17] . Based on the evidence from different model systems, we decided to systematically characterize the effect of T3 on the maturation of hiPSC-CMs, using diverse approaches, which included multiple functional endpoints.
In this study, we found that T3-treated hiPSC-CMs exhibited a larger cell size, longer sarcomere length, lower proliferative activity, higher contractile force generation, enhanced calcium handling properties, and increased maximal mitochondrial respiration capacity compared with the untreated control cells. Therefore, these results demonstrate that T3 promotes the maturation of hiPSC-CM and may enhance their utility for therapy, disease modeling, drug screens, and other applications.
Methods

Cell culture
Undifferentiated human IMR90-induced pluripotent stem cells, originally derived from lung fibroblasts [18] (James A. Thomson, University of Wisconsin-Madison), were expanded using mouse embryonic fibroblast-conditioned medium supplemented with 5 ng/ml basic fibroblast growth factor. Cardiomyocytes were obtained using a protocol based on our previously reported directed differentiation method that involves the serial application of activin A and bone morphogenetic protein-4 (BMP4) under serum-free, monolayer culture conditions. The cultures were also supplemented with the Wnt agonist CHIR 99021 in the early stages of differentiation followed by the Wnt antagonist Xav 939. After 20 days of in vitro differentiation, the cells were dispersed using 0.05% trypsin-EDTA and replated. Cultures were fed every other day thereafter with serum-free RPMI-B27 plus L-glutamine. Only cell preparations containing N80% cardiac troponin T-positive cardiomyocytes (by flow cytometry) were used for the current investigation. After 20 days of differentiation, the cells were treated with 20 ng/ml T3 for one week, and media were changed every other day. For cell cycle analysis, cells were treated with 10 μM BrdU overnight before fixation.
Immunocytochemistry
Cells were fixed in 4% paraformaldehyde for 10 min followed by PBS wash. The fixed cells were blocked with 1.5% normal goat serum for 1 h at room temperature and incubated overnight at 4°C with primary antibodies. Antibodies used included mouse antialpha-actinin (Sigma) and mouse anti-BrdU (Roche). The samples were rinsed with PBS and incubated with a secondary antibody. Samples subjected to F-actin staining were incubated with TRITClabeled phalloidin (Sigma) for 5 min at room temperature. For double immunostaining samples were stained first for alpha-actinin staining, after which cells were incubated with 1.5 N HCl at 37°C for 15 min, rinsed briefly in distilled water, and washed with 0.1 M Borax buffer, and incubated with BrdU primary antibody overnight at 4°C. BrdU staining was then enhanced using tyramide signal amplification method (Invitrogen).
Imaging and morphological analysis
Fluorescent images were acquired using a Zeiss AxioCam mounted on a Zeiss AxioObserver microscope, and confocal images were processed and quantified using NIS Elements. Each cell was analyzed for cell size and circularity index. For sarcomere length, we selected myofibrils with at least ten continuous, well-recognized α-actinin+ bands and divided the length value by the number of sarcomeres.
Quantitative PCR
Total RNA was isolated using the Qiagen RNeasy kit, and mRNA was reverse transcribed using the Superscript III first strand cDNA synthesis kit (Invitrogen). All primers were purchased from Real Time Primers, and qPCR was performed using SYBR green chemistry and an ABI 7900HT instrument. Samples were normalized using hypoxanthineguanine phosphoribosyltransferase (HPRT) as a housekeeping gene. The sequences of the primers are listed below. The forward primer sequence for β-MHC: GGGCAACAGGAAAGTTGGC, reverse primer: ACGG TGGTCTCTCCTTGGG; forward primer sequence for SERCA2a: forward TTTCCTACAGTGTAAAGAGGACAACC, reverse primer sequence for SERCA2a: TTCCAGGTAGTTGCGGGCCACAAA; forward primer sequence for α-MHC: CAAGTTGGAAGACGAGTGCT, reverse primer sequence for α-MHC: ATGGGCCTCTTGTAGAGCTT; and forward primer sequence for p21: TCAGAGGAGGTGAGAGAGCG, reverse primer sequence for p21: ACATGGCGCCTGCCG. Primers to detect titin isoform switch is from [19] . Forward primer sequence for total titin: GTAAAAAGAGCTGCCCCA GTGA, reverse primer sequence for total titin: GCTAGGTGGCCCAGTG CTACT; forward primer sequence for titin N2BA isoform: CAGCAGAA CTCAGAATCGA, reverse primer sequence for titin N2BA isoform: ATCA AAGGACACTTCACACTC; forward primer sequence for titin N2B isoform: CCAATGAGTATGGCAGTGTCA, reverse primer sequence for titin N2B isoform: TACGTTCCGGAAGTAATTTGC. Forward primer sequence for HPRT: TGACACTGGCAAAACAATGCA, reverse primer sequence for HPRT: GGTCCTTTTCACCAGCAAGCT. Mitochondrial DNA (mtDNA) to nuclear DNA (nDNA) ratio was estimated by qPCR. For this purpose, a mtDNA fragment within the NADH dehydrogenase 1 (ND1) gene and a region of the nuclear DNA-encoded lipoprotein lipase gene (LPL) were amplified. The primer sequences for ND1 and LPL were adapted from [20] . The forward primer sequence for ND1 was: CCCTAAAACC CGCCACATCT, and the reverse primer was GAGCGATGGTGAGAGCTA AGGT. The LPL forward primer used was CGAGTCGTCTTTCTCCTGAT GAT and reverse primer was TTCTGGATTCCAATGCTTCGA. Total DNA was extracted using phenol-chloroform extraction method.
Western blotting
Total protein was acquired from control cardiomyocytes or cardiomyocytes after one week of T3 treatment and subjected to SDS-PAGE. The lanes were loaded with equal amount of protein and were checked by Ponceau S staining. After blocking with milk, the membranes were incubated with anti-p21 mouse monoclonal antibody (Cell Signaling Technology) or anti-GAPDH mouse monoclonal antibody (Abcam) overnight while shaking at 4°C. After incubation with antimouse horseradish peroxidase-coupled secondary antibody (Santa Cruz Biotechnology), bands were visualized with SuperSignal West Femto Trial Kit (Thermo Scientific) and quantified using the Quantity One software from BioRad.
Contractile force measurement
Arrays of silicone microposts were fabricated by casting polydimethylsiloxane (PDMS) from a silicon wafer with patterned SU8 features as previously described [21] . The microposts used in this study were 6.45 μm in height and 2.3 μm in diameter, and the center-tocenter spacing between adjacent microposts was 6 μm. The stiffness of each micropost, which is based upon the dimensions of the microposts and the material properties of PDMS, was 38.4 nN/μm. To enable cell attachment, the tips of these microposts were stamped with 50 μg/ml of mouse laminin (Life Technologies) via microcontact printing, while the remaining surfaces of the micropost array were fluorescently stained with BSA conjugates with Alexa Fluor 594 and blocked with 0.2% Pluronic F-127 (in PBS) [22] . Twenty days following differentiation, iPS-derived cardiomyocytes were seeded onto the arrays at a density of 250,000/cm 2 . One week after T3 treatment, individual cardiomyocyte twitch forces were recorded under phase light using highspeed video microscopy as previously described [23] . Only the contractile forces of single cardiomyocytes (no junctions with adjacent cells) with obvious beating activity were assessed. The experiments were performed in a live cell chamber at 37°C with 15 mM HEPEScontaining medium. Post deflections were optically measured at 100-150 frames/s using phase contrast microscopy on a Nikon Ti-E upright microscope with a 60 × water immersion objective. A custom-written MATLAB code was used to compare each time frame of the video to a reference fluorescent image of the base plane of the posts. Twitch forces were subsequently calculated by multiplying the deflection of the posts by the bending stiffness of the microposts:
where F is the force at a single micropost, k is the post's bending stiffness (38.4 nN/μm), and δ is the horizontal distance between the centroid of the post's tip and the centroid of the post's base. The total twitch force was then determined by adding together the forces measured at each post beneath the individual cardiomyocytes.
Calcium imaging
Intracellular calcium content was measured using the ratiometric indicator dye fura2-AM as described previously [24] . For this assay, cardiomyocytes were replated onto fibronectin-coated glass slides, after which the cardiomyocytes were subsequently treated for one week. On the experimental day, cells were incubated in 1 μM fura2-AM dye for 20 min at 37°C and washed with PBS. Stimulated calcium transients (0.5 Hz) were then monitored with the Ionoptix Stepper Switch system coupled to a Nikon inverted fluorescence microscope. The fluorescence signal was acquired using a 40 × Olympus objective and passed through a 510-nm filter, and the signal was quantified using a photomultiplier tube. The experiments were done at 37°C with culturing medium containing 15 mM HEPES.
Mitochondria functional assay
The Seahorse XF96 extracellular flux analyzer was used to assess mitochondria function. The plates were pre-treated with 0.1% Gelatin. At around 20 days after differentiation, the cardiomyocytes were seeded onto the plates with a density of 30,000 per XF96 well (2500/mm 2 ).
The cells were treated with 20 ng/ml T3 for one week in the Seahorse plates before the assay. Culture medium was exchanged for base media (unbuffered DMEM, Sigma D5030, supplemented with 2 mM glutamine) 1 h before the assay and for the duration of the measurement. Substrates and selective inhibitors were injected during the measurements to achieve final concentrations of glucose at 25 mM, oligomycin (2.5 μM), FCCP (1 μM), rotenone (2.5 μM), and antimycin A (2.5 μM). The oxygen consumption rate (OCR) values were further normalized to the number of cells present in each well, quantified by the Hoechst staining (Hoechst 33342; Sigma-Aldrich) as measured using fluorescence at 355 nm excitation and 460 nm emission. The baseline OCR was defined as the average values measured from time points 1 to 5 (0-15 min) during the experiments. Maximal OCR was the OCR difference between uncoupler FCCP and (rotenone + antimycin A), with respiratory reserve capacity being the difference between FCCP and baseline OCR values. Non-mitochondrial OCR was the OCR value after rotenone and antimycin A treatment. Due to variations in the absolute magnitude of OCR measurements in different experiments, the relative T3 treated/untreated control levels were used to compare and summarize independent biological replicates (n = 6).
Statistics
Data are expressed as mean ± SEM. Differences were compared by ANOVA with Student-Newman-Keuls post hoc testing. P b 0.05 was considered significantly different.
Results
T3 treatment leads to hiPSC-CM morphological and molecular changes
Since cardiac maturation results in an increase in cell size and anisotropy, we first characterized the effect of T3 on these parameters. Immunocytochemical co-staining of F-actin and α-actinin (Z-disk protein) was performed to assess morphology. It is worth mentioning that, for all the assays in the current investigation, only differentiation runs with over 80% cardiomyocytes were used (assessed by flow cytometry for cTnT + cells). Immunocytochemical analyses with α-actinin as a cardiomyocyte marker and Hoechst 33342 for a nuclear counterstain showed that T3 treatment does not lead to a change in cardiomyocyte percentage. Untreated hiPSC-CMs were small and round to polygonal in shape, consistent with previous reports [25] . We observed a significant increase in cell size (cell area) in T3-treated cells compared with control cells (604 ± 28 μm 2 vs. 991 ± 58 μm 2 , P b 0.001), shown in Fig. 1C . To determine cardiomyocyte shape, we assessed the "circularity index" (Circularity = 4π · Area / Perimeter 2 ) [26] . Under this assessment, "0" represents a theoretical minimum for perfect rod-shaped cells (actually, a line with no area), with "1" for cells that are perfectly circular. T3-treatment resulted in a decreased circularity index (0.66 ± 0.03 vs 0.54 ± 0.02 P = 0.004) (Fig. 1D) , indicating that the hiPSC-CMs exhibited a more mature morphology. Additional analyses showed that the sarcomere length (measured by the distance between Z-disks) increased from 1.67 ± 0.02 μm in untreated controls to 1.73 ± 0.01 μm (P = 0.006) in T3-treated cells (Fig. 1E) .
We also compared the expression of various cardiac genes in control and T3-treated cells by quantitative RT-PCR. Consistent with previous reports of T3's effects on cardiac gene expression [5, 17] , we observed α-MHC up-regulation (7.3 ± 1.9-fold vs. control), β-MHC down-regulation (0.5 ± 0.2-fold vs. control), and an increase of sarcoendoplasmic reticulum ATPase (SERCA2a) expression (3.9 ± 0.9-fold vs. control) (Fig. 1F) . We also examined whether a titin isoform switch from N2BA to N2B could be detected in our culture system by Q-RT-PCR assay. Both N2BA and N2B isoforms were expressed with N2BA being the dominant one. One week of T3 treatment did not change the expression level of either isoform (data not shown). In the cardiomyocytes derived from human Rockefeller University Embryonic Stem Cell Line 2, T3 treatment induced similar cardiac gene expression patterns. We observed a 4.35-fold and a 10.78-fold upregulation of α-MHC after 2.5 and 14 days treatment, respectively, whereas the expression of β-MHC decreased 0.73-fold and 0.48-fold. An increase of 1.88-fold (2.5 days) and 3.93-fold (14 days) was detected for SERCA2a.
Effects of T3 on cardiomyocyte cell cycle activity
During development, the proliferative capacity of maturating cardiomyocytes decreases, leading to an eventual exit of the cell cycle [1] . We assessed cell cycle activity by pulsing the cells overnight with BrdU, followed by double-staining for α-actinin and BrdU ( Figs. 2A  and B) . The total number of hiPSC-CM nuclei, as well as the BrdUpositive cardiomyocyte nuclei, was counted in three separate experiments. In the control groups, about 8.0% of cardiomyocyte nuclei were BrdU-positive, while after T3 treatment, the number declined to around 4.2% (Fig. 2C) . Consistent with the changes in cell cycle activity, both mRNA levels and protein levels of the cell cycle inhibitor p21 were increased after T3 treatment (Figs. 2D and F) . A representative p21 immunoblot is shown in Fig. 2E . Thus, supporting the role of T3 in the regulation of hiPSC-CM maturation, our study showed lower proliferation rates in the T3 treated cultures as compared to those of control cells. Since adult human cardiomyocytes exhibit about 25% binucleation, we also analyzed whether T3 treatment influenced this maturation parameter. No differences were found in the percentage of binucleated cells between groups, with both around 12%.
T3-treatment improves contractile force generation and enhances contractile kinetics
As mentioned above, sarcomere length increased after T3 treatment. Since an increase in sarcomere length within the range of 1.6 to 2.3 μm in cardiac muscle typically leads to an increase in force production, we hypothesized that T3 treatment leads to greater contractile force generation. To characterize force production on a per-cell basis we used micropost arrays [27] . For this approach, individual cardiomyocytes were allowed to adhere to elastomeric microposts with uniform heights, diameters, and spacing between the microposts (Fig. 3A) . As the cardiomyocytes contract, the deflections of the posts underneath a cell were recorded. By applying beam theory, the forces produced at each adhesion of a cardiomyocyte can be calculated by multiplying the deflection of each post by its spring constant (Eq. (1)). The magnitude of the forces vectors can be summed to obtain the total force produced by a cell at each time point. Fig. 3B shows representative traces of the total force generated by individual cardiomyocytes from the control and T3-treated groups. Control hiPSC-CMs exhibited a twitch force of 7.5 ± 0.4 nN/cell (Fig. 3C) . T3-treated hiPSC-CMs exhibited a significantly higher twitch force of 12.3 ± 0.7 nN/cell (P b 0.001). Contractile time analysis revealed that T3-treated hiPSC-CMs displayed shorter time to peak contraction (0.15 ± 0.01 s versus 0.25 ± 0.02 s in control cells, as shown in Fig. 3D ). T3 also significantly decreased the time to 90% relaxation (Fig. 3E) and total twitch time (Fig. 3F) . Two representative movies for control and T3-treated cardiomyocytes can be found in the Supplemental material. These data demonstrate that T3-treatment not only results in morphological and molecular changes indicative of maturation, but that functionally relevant parameters such as contraction are also positively-regulated.
T3-treated cardiomyocytes exhibit faster calcium transient kinetics
To further investigate the mechanism underlying changes in cardiomyocyte performance, we compared the calcium transient characteristics of untreated and T3-treated hiPSC-CMs using the intracellular calcium ratiometric dye fura-2 AM. A representative trace is shown in Fig. 4A . While the peak transient amplitude remained unchanged after treatment (0.24 ± 0.03 vs 0.20 ± 0.02 F/F0, P = 0.23) (Fig. 4B) , the maximal upstroke and decay velocities were significantly higher in T3-treated cells (Figs. 4C and D 
Effect of T3-treatment on mitochondria
Mitochondria are essential cellular organelles for cardiac cells, which generate enough ATP to allow contraction. During development, mitochondria evolve both morphologically and functionally. The ratio of mtDNA to nDNA genomes was around 600 for both control and T3 treated cardiomyocytes with no significant differences. Electron microscope images were taken and mitochondria volume fraction was evaluated by point counting. No difference was found in the mitochondrial volume fraction, which averaged~7% in both groups (Supplemental data). To characterize mitochondrial function, a Seahorse XF96 extracellular flux analyzer was used. We found that hiPSC-CMs have sufficiently active glycolysis to support metabolism while mitochondrial function is manipulated. As a result, we could measure all of the major aspects of mitochondrial coupling and respiratory control. Basal respiration, maximum respiration rate, spare respiratory capacity, and nonmitochondrial respiration can be determined by the sequential additions of the ATP synthase inhibitor oligomycin, a protonophoric uncoupler FCCP, and electron transport inhibitors, rotenone and antimycin A. Fig. 5A shows representative traces of both control and T3-treated cells.
Basal respiration is usually controlled strongly by ATP turnover and partly by substrate oxidation and proton leak. After treatment with T3, basal respiration increases significantly (Fig. 5B) , which correlates with the enhanced contractile force generation in these cells. Maximum respiration rate was significantly increased after T3-treatment. Non-mitochondrial respiration is mediated by various enzymes in the cell membrane and cytoplasm, which control detoxification and oxidation. In this experiment, for both control and T3-treated cells, non-mitochondrial OCR was 20-30% of total OCR and there is a significant increase of non-mitochondrial OCR after T3 treatment.
Discussion
Due to the difficulty of acquiring human cardiomyocytes, the production of large quantities of hiPSC-CMs offers an attractive source for heart regeneration, disease modeling, drug screening, and toxicity testing. These hiPSC-CMs, however, do not recapitulate the major characteristics (structure, contractile performance, electrophysiology, and metabolism) of adult cardiomyocytes, rather, they exhibit an immature phenotype more closely resembling fetal cells [3] . These immature characteristics, have limited the use of hiPSC-CMs as a substitute for adult human cardiomyocytes for both in vivo and in vitro applications. In this particular study, we investigated the effect of T3 on hiPSC-CM maturation. Control hiPSC-CMs exhibited immature morphological and functional characteristics, in agreement with previous reports [25] . Here we showed that after T3 treatment, the cardiomyocytes grew in size and became more anisotropic. The importance of cell size is reflected in the fact that it influences impulse propagation, maximal rate of action potential depolarization and total contractile force [28] . It is worth mentioning that T3 has been associated with both physiological and pathological hypertrophy, depending on the clinical context (e.g. postnatal growth vs. hyperthyroidism). However, the hypertrophy observed in this study appears to be physiological, because it is accompanied by enhanced calcium dynamics, enhanced mitochondrial respiratory capacity, and increased contractile force. For detailed discussions of physiological versus pathological hypertrophy, interested readers are referred to reviews by Molkentin's group [29, 30] . Cardiomyocyte shape also has important functional implications including the facilitation of excitation-contraction coupling [3] . T3 treatment led to a more elongated cell shape, possessing a morphological property one step closer to adult cardiomyocytes.
T3 treatment increased the spontaneous contractile force generation from~7.5 nN/cell to~12.3 nN/cell (Fig. 3) . Using different approaches and substrates of varying stiffness, individual hPSC-CM forces have been measured in the range of 0.1 nN to almost 100 nN [31] [32] [33] [34] [35] . Typically, cardiomyocytes generate more force on stiffer substrates. For this current study, we used arrays of microposts to measure the contractile force produced by individual hiPS-derived cardiomyocytes. A recent study [35] employed similar microfabricated platforms to measure the contractile force of human embryonic stem cell-derived cardiomyocytes. They recorded forces between 50 and 100 nN/cell for cells seeded onto 0.01 N/m (10 nN/μm) microposts. These values are almost ten times larger than the results that we found for our control group. A number of different variables could have led to this discrepancy, including different stem cell lines, differentiation and culture conditions, different device calibrations, etc. Additionally, it is worth mentioning that without cell staining in the study by Taylor et al., it may be hard to differentiate whether the forces measured were generated by individual cardiomyocytes or by clusters of cardiomyocytes. Furthermore, since the microposts used in their study were about 10 times larger than the ones we used, it is possible that there were more integrin molecules engaged (and thus, focal adhesion complexes) between the cells and posts in their studies. The spacing may also have led to the elongation and myofibrillar alignment of these cells. However, without sarcomeric visualization, one cannot assess the alignment hypothesis and determine exactly how many cells contributed to the measured force.
Assessment of mitochondrial function showed a significant 1.5-fold increase in maximal respiratory capacity after T3 treatment, which indicates a more mature metabolic state of the cardiomyocytes. Although this could theoretically result from increased mitochondria biogenesis, neither the mtDNA/nDNA ratio nor the mitochondrial volume fraction supports this possibility. Remaining possibilities include: 1) increased respiratory chain protein content, or 2) increased activity of existing respiratory chain proteins. The exact mechanism underlined this effect remains to be explored. Mitochondrial respiratory reserve capacity serves the increased energy demands when cells are subjected to stress, thereby helping maintain cell and organ function, cellular repair, or detoxification of reactive species [36] . T3 treatment led to an increase in respiratory reserve capacity, indicating that the treated cells may perform better under increased energy demands.
Although T3-treated cardiomyocytes were clearly more mature than the control cells, it is important to recognize that the improvement in maturation is by no means complete. T3 receptors have been shown to bind with α-MHC promoter to induce α-MHC and microRNA 208a expression. MicroRNA 208a, in turn, inhibits the expression of β-MHC [37] . This decrease in β-MHC expression is the opposite of what one would expect to see in the case of human cardiomyocyte maturation. This highlights the limitations of using a single factor to induce a complex trait like maturation. Another potential limitation is the duration of treatment. The total maturation time in our study was around one month (~3 weeks from beginning differentiation to beginning the 1-week T3 treatment), whereas human neonatal cardiomyocytes require 6 to 10 years in vivo to reach their adult phenotype [38] . Supporting the benefits of time and patience, a report from Lundy and colleagues [25] showed a significant increase in various maturation parameters upon the long-term (~100 day) maintenance of hPSC-CMs in low density cultures. Comparing the results from parameters that were characterized in both the long-term culture and T3 studies, we found that these two maturation approaches resulted in similar increases in calcium handling properties. Morphological changes (size and circularity index), however, were not as pronounced in the T3 cultures as the long-term cultured ones. Contractile performance was assessed using different approaches, thus a direct comparison will be necessary for a meaningful conclusion regarding this parameter. However, it is worth mentioning that compared with the long-term culture, which resulted in a significant increase in sarcomere length from 1.65 ± 0.02 μm to 1.81 ± 0.01 μm, one week T3 treatment increased sarcomere length from 1.67 ± 0.02 μm to 1.73 ± 0.01 μm. Considering that the total time of differentiation and maturation in our assay was around one month, we conclude that T3 treatment is a step forward in the efforts to mature the hiPSC-CMs in a timely manner. Since developing cardiac cells in vivo are exposed to the combined effects of diverse cues including extracellular matrix, soluble factors, mechanical signals, substrate stiffness, and electrical fields, it seems likely that a combinatorial approach will lead to even better results.
While our T3-treated hPSC-CMs exhibited a degree of structural and functional maturation compared with control untreated cardiomyocytes, the current study did not focus on the downstream signal transduction. Thyroid hormone signaling is reasonably well understood, and it can involve receptors that bind to T3 and translocate to the nucleus and mediate effects via transcriptional regulation. Lee et al. reported that T3 promotes cardiac differentiation of murine embryonic stem cells via the classical genomic pathway, as evidenced by the fact that a thyroid nuclear receptor antagonist bisphenol A significantly reduced the percentage of T3-induced cardiomyocytes [15] . Actions of thyroid hormone that are not initiated by nuclear receptors are termed non-genomic [39, 40] and the signal may be initiated at the plasma membrane or in the cytoplasm. Plasma membrane-initiated actions begin at a receptor on integrin αvβ3 that activates Extracellular signal-Regulated Kinase 1/2. Also, T3 can activate phosphatidylinositol 3-kinase by a mechanism that may be cytoplasmic in origin or may begin at integrin αvβ3. In addition, T3 effects could be mediated by T3 receptors localized in the mitochondria [41] . The effect of T3 observed in this study might also result from 3,5-diiodothyronine (T2) [42] , which is a metabolite of T3 and could stimulate cellular/mitochondrial respiration by a nuclearindependent pathway.
In summary, we have shown that T3 is a driver for hiPSC-CM maturation. For this purpose, we utilized a series of morphological, molecular, and functional assays to assess the various aspects of hiPSC-CM maturation. Also, this study provides a proof-of-concept and useful baseline data for future work aimed at elucidating the mechanisms underlying these morphological and functional changes. Finally, this study suggests that a combined intervening approach in addition to T3 is needed to promote further maturation of hiPSC-CMs.
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